Abstract-In order to elucidate the physiological role of endogenous adenosine in regulating the release of acetylcholine, the effects of 8-phenyltheophylline, an antagonist of adenosine receptors and dipyridamole, an uptake inhibitor of adenosine, on the contractile response and quantal release of acetylcholine during single and repetitive stimulations of isolated mouse phrenic nerve-diaphragm preparations were studied. The curves relating the concentration vs. inhibition of contractile response to added adenosine and ATP were shifted parallel to the left by dipyrida mole, but were shifted to the right by 8-phenyltheophylline at concentrations with little Cat+-mobilization or phosphodiesterase inhibition. In the absence of ex ogenously added adenosine, 8-phenyltheophylline increased the quantal content of end-plate potentials (1 Hz), whereas dipyridamole decreased the quantal content.
Abstract-In order to elucidate the physiological role of endogenous adenosine in regulating the release of acetylcholine, the effects of 8-phenyltheophylline, an antagonist of adenosine receptors and dipyridamole, an uptake inhibitor of adenosine, on the contractile response and quantal release of acetylcholine during single and repetitive stimulations of isolated mouse phrenic nerve-diaphragm preparations were studied. The curves relating the concentration vs. inhibition of contractile response to added adenosine and ATP were shifted parallel to the left by dipyrida mole, but were shifted to the right by 8-phenyltheophylline at concentrations with little Cat+-mobilization or phosphodiesterase inhibition. In the absence of ex ogenously added adenosine, 8-phenyltheophylline increased the quantal content of end-plate potentials (1 Hz), whereas dipyridamole decreased the quantal content. Successive decrease of the amplitude of end-plate potentials (e.p.p. run-down) evoked at 50 Hz was not changed either by 8-phenyltheophylline or by dipyridamole, suggesting that adenosine or ATP released from the motor nerve does not accumulate to an effective concentration even after repetitive stimulation for a feed-back regulation of the transmitter release. It is concluded that endogenous adenosine does inhibit the release of acetylcholine from motor nerve. However, the source of adenosine may be mostly from the muscle and is probably not involved in the feedback autoregulation.
Adenosine and related nucleotides may play an important role in regulating the auto nomic or central nervous neurotransmission at either a postsynaptic or presynaptic site (1) (2) (3) (4) . In the neuromuscular junction of skeletal muscle, adenosine triphosphate (ATP) and adenosine reduce the release of acetylcholine (ACh) from the motor nerve ending (5-7), presumably by acting on adenosine receptors on the motor nerve ending (8, 9) . Upon nerve stimulation, ATP is released together with ACh from the nerve terminal (10, 11) . It remains to be clarified whether or not ATP released during nerve impulses and its degraded metabolites, ADP, AMP or adenosine, act as a negative feed back modulator by decreasing the release of ACh, especially when the nerve is excited at high frequencies. ATP and adenosine can also arise from other sources (12, 13) and contribute to the regulation of neuromuscular transmission.
In this experiment, we have studied the effect of a potent adenosine receptor an tagonist, 8-phenyltheophylline (14) (15) (16) (17) , and an adenosine uptake inhibitor, dipyridamole (18) , on the neuromuscular transmission of mouse phrenic nerve-diaphragm prepara tions in an attempt to shed more light on the possible physiological interaction of endoge nous adenosine or ATP on the release of ACh from the motor nerve terminal. The amplitude of end-plate potential (e.p.p.) usually runs down markedly in 0.03 to 0.1 sec when the nerve is stimulated at high frequencies in the presence of tubocurarine (19 Cut muscle preparations: The isolated mouse phrenic nerve-diaphragm was cut, according to the method of Barstard and Lilleheil (20) , along the margin of the ribs, and the other end of the muscle fibers near the central tendon was injured by stabbing with a needle. The preparation was then equilibrated for 2 to 3 hr until the membrane potential depolarized to about -40 mV.
Electrophysiological study: Experiments were performed at 37±0.5°C with a con ventional intracellular recording technique (21) on intact or cut mouse diaphragms bathed in 20 ml Tyrode's solution. The glass microelectrodes were filled with 3 M KCI and had a resistance of 5-10 MSS. In intact muscle, the e.p.p. were recorded in high Mg2+ (8.8 10 mM) or in tubocurarine (2-3 iiM) par tially paralyzed preparations. The relative quantal content was calculated according to the direct method (22) . There was no significant difference in the inhibitory activity of adenosine either in Mg2+ or tubocurarine-paralyzed prepara tions. ATP was almost equipotent as adeno sine (Fig. 2) 8-phenyltheophylline in the muscles inhibited by exogenously added adenosine was much more marked. The curves relating the concentration vs. inhibitory effect of adenosine were shifted parallel to the right in both preparations (Fig. 1) . Dipyridamole, an adenosine uptake inhibitor (IC50=0.04 ,uM in Torpedo synaptosome) (18) , at 1 /,iM had no significant effect on the twitch response, but it enhanced the inhibitory effect of both adenosine and ATP in the preparation partially blocked with Mg2+ and shifted the concentration-response curves to the left to the same extent (Fig. 2) .
Effect on tetanic contraction: 8-Phenyl theophylline and dipyridamole had little effect on the tetanic contraction elicited by a 5 sec-train pulse at 50 Hz in normal Tyrode's solution. However, 8-phenyltheophylline (10 itM) increased the sustained contraction of tetanus by 17±7.7% in Mg2+-partially paralyzed muscle and by 53±10% in partially curarized preparations (Fig. 3) . On the contrary, dipyridamole (2 flM) decreased the tetanus by 9% and 25%, respectively, in the high Mg2+ and tubocurarine treated pre parations (Fig. 4) . Although both 8-phenyl theophylline and dipyridamole appear to affect the tetanic contraction more than the single twitch in partially paralyzed muscle, and the effects of 8-phenyltheophylline and dipyridamole appear more marked in the curarized muscle than in the high Mg2+ treated one, it is difficult to make a quantitative comparison in view of the 'all or none' or threshold phenomenon in neuromuscular transmission.
The inhibition caused by ex ogenous adenosine (0.2 mM) of the tetanic contraction was also antagonized by pre treatment with 8-phenyltheophylline, but was potentiated by dipyridamole.
Effects on quantal content: The resting membrane potential of the mouse diaphragm was not appreciably changed after addition of ATP (2 mM), adenosine (0.2 mM), 8 phenyltheophylline (10 ,aM) or dipyridamol (1 ,tM). The amplitude of m.e.p.p.s in the normal Tyrode was slightly increased by ATP (Fig. 5) as previously reported (25) Fig. 5 . In contrast to its enhancing effect on m.e.p.p. amplitude, the e.p.p. amplitude was markedly depressed. As a result, the quantal content of e.p.p. was decreased more than the decrease of e.p.p. amplitude. At 2 mM ATP, the quantal content was decreased by more than 60%. The present results confirm the previous finding that adenosine acts only on the presynaptic site by inhibiting the release of neurotransmitter (5-7), whereas ATP affects the postsynaptic site in addition to its presynaptic inhibitory effect (25) .
8-Phenyltheophylline at 1 /tM increased the amplitude of e.p.p. by about 50% without an effect on the amplitude of m.e.p.p. and increased the quantal content (Table 1) . By (Table 1) . Effects on the run-down of e.p.p.s evoked at high frequencies: The above findings that 8-phenyltheophylline enhanced the con traction as well as the release of ACh from the nerve terminal in the absence of added adenosine are implicative of an interaction of endogenous adenosine compounds with the on the run down of e.p.p. evoked by a train pulse in cut muscle fibers. E.p.p.s were evoked at 50 Hz for 1.6 sec and shown as % of the amplitude of the 1st e.p.p. The amplitude of 1st e.p.p. was 8.3±0.5 mV (n=22, quantal content=105±7. 4) for the control (*) and 11.1 ±0.8 mV (n=23, quantal content=1 51 ±5.5) for the preparations treated with 10 pM 8-phenyl theophylline (X). Abscissa is the sequence (order) of the e.p.p. evoked by a train of pulses at 50 Hz. release mechanism even during single stimu lation. It would be of great interest to see whether the concentration of adenosine or ATP might accumulate to a higher extent and thus contribute to the progressive reduction of transmitter release (e.p.p. run-down) during high frequency stimulation. The effect of 8-phenyltheophylline on the run-down of e.p.p.s was therefore studied. To our surprise, 8-phenyltheophylline (10 /_,M) did not ap preciably alter the run-down of e.p.p.s evoked at 50 Hz in the cut muscle fibers, although it increased the quantal content of the 1st as well as the late e.p.p.s to the same extent by about 40% (Fig. 6 ). In the curarized intact muscle, the run-down of e.p.p. was more marked as previously reported (19). This run-down was changed neither by 8 phenyltheophylline nor by dipyridamole (Fig.  7) .
Discussion
The present experiments confirm that ATP and adenosine have an inhibitory effect on the release of acetylcholine from the motor nerve terminal (5-7). The reason why ATP and adenosine are effective in inhibiting the twitch response only in the muscles partially blocked with tubocurarine or Mg2+ but not in the normal muscle may be due to the limited ability of adenosine in reducing the transmitter release (5-7) and to the high safety factor of neuromuscular transmission in normal muscle (26, 27) . Although the receptor on the motor nerve terminal probably does not belong to either the A, (Ri) or A2 (Ra) subtype (9), the effects of adenosine and ATP on this receptor was specifically and competitively antagonized by 8-phenyl theophylline, a potent antagonist to adenosine receptors of both subtypes A, and A2 (14 17) . Since 8-phenyltheophylline shows little Ca2+ mobilization or inhibition of phos phodiesterase at the concentration used (10 i M) (14, 23, 24) , it may be inferred that the antagonism by 8-phenyltheophylline of the inhibitory effect of adenosine on transmitter release is largely due to its specific antagonist activity on the adenosine receptor per se as suggested by Fredholm (28) . The parallel right shift by 8-phenyltheophylline of the inhibition curve of adenosine (Fig. 1 ) also suggests the competitive nature of the antagonism.
ATP and adenosine were almost equipotent in inhibiting the release of ACh, and their effects were enhanced to the same extent by dipyridamole, an inhibitor of the uptake of adenosine by cholinergic nerves. Since it is difficult for ATP to cross over an intact membrane (18) , it is possible that ATP is hydrolyzed to adenosine before exhibiting its effect on the ACh release (8, 29) . The results with dipyridamole also support the view that the uptake of adenosine is more important than the deamination in regulating extracellular adenosine concentration (30) . Moreover, adenosine deaminase inhibitor did not affect the release of ACh from the motor nerve (31) .
It is interesting to find that 8-phenyl theophylline and dipyridamole still exhibited their effects on the neuromuscular trans mission and the release of ACh even in the absence of exogenously added adenosine or ATP. It may be then inferred that there are endogenous adenosine and/or ATP and the release of ACh evoked by nerve impulse is modulated.
Very recently, Sebastiao and Ribeiro (31) reached the same conclusion from the observation that neuromuscular transmission in the frog was improved on addition of adenosine deaminase.
If one assumes that the endogenous adenosine or ATP is released mostly from nerve, the regulatory effect of adenosine should be dependent on nerve activity. During repetitive stimulation at high fre quencies, adenosine in the synaptic cleft may pile up and contribute to the run-down of e.p.p.s. Unexpectedly, the run-down of e.p.p.s during repetitive stimulation was not changed by 8-phenyltheophylline, and the enhance ment of ACh release by 8-phenyltheophylline remained the same throughout the repetitive stimulation.
It seems unlikely therefore that adenosine or ATP accumulates to an effective concentration during repetitive stimulation. The inability of dipyridamole to alter the run down of e.p.p.s is also in line with this inference.
The above findings could be explained if the half-life of ATP and adenosine in the synaptic cleft is shorter than a few msec. In this case, ATP or adenosine released from the nerve terminal may have a modula tory effect on the ACh release within the same pulse rather than to modulate the release at subsequent pulses. However, it is more likely that the source of adenosine which modulates the neuromuscular trans mission originates mostly from the muscle.
